Two zygotic genes, twist and snail, are indispensable for the correct establishment of the mesoderm primordium in the early Drosophila embryo. They are also needed for morphogenesis and differentiation of the mesoderm. Both genes code for transcription factors with different, albeit complementary, functions. Therefore, to understand the early development of the mesoderm, it will be necessary to identify and study the genes regulated by twist and snail. We have searched for downstream genes using a subtractive cDNA library enriched in sequences expressed in the mesoderm. We have isolated sequences that correspond to 13 novel early mesoderm genes. These novel genes show a variety of expression patterns and also differ in their dependence on twist and snail functions. This indicates that the regulation of early gene activity in the mesoderm is more complex than previously thought.
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A cascade of events involving maternal and zygotic gene products is responsible for establishing the primordium of the mesoderm in the ventral part of the Drosophila blastoderm (for review, see ref. 1) . Two genes, twist and snail, are activated in the most ventral nuclei of the syncytial blastoderm; these nuclei contain the highest concentration of the maternal transcription factor dorsal. Both genes code for transcription factors; twist is a member of the basic helix-loop-helix family and snail contains zinc fingers (2, 3) . Gastrulation in embryos mutant for either twist or snail does not take place properly and the mesoderm does not form (4) (5) (6) . However, the regulatory roles of these two genes are different. Whereas twist is necessary for the activation of genes expressed in the mesoderm, the main function of snail is to repress in the mesoderm anlage genes that are otherwise expressed in the adjacent ectodermal regions (7) (8) (9) .
The combined action of twist and snail is thought to activate a specific subset of genes whose functions are to carry out the early morphogenesis of the mesodermal germ layer and the regional specification events that lead to the formation of different mesoderm derivatives. Several genes regulated by twist and snail have already been shown to have crucial roles during these processes. However, most of these genes were identified by sequence similarities to other known gene products and therefore they do not constitute a representative sample of gene activities (10) (11) (12) (13) . We have started a systematic search for genes acting during early mesoderm development and have constructed a subtractive cDNA library in which cDNAs corresponding to mesoderm-expressed genes are enriched. The only assumption this strategy makes is that many genes needed for the development of a particular tissue are expressed specifically in that tissue. A severe limitation of this strategy is often the difficulty of obtaining enough amount of starting material-tissues that express the genes of interest versus tissues that do not. Because of the variety of mutant phenotypes shown by different maternal genes in Drosophila, it is feasible to obtain homogeneous populations of embryos that lack particular cell fates or in which all cells show the same fate. Thus, we made a subtractive cDNA library by using as a source the mRNA embryos in which all cells show mesodermal characteristics and removing nonspecific messages by hybridization to cDNAs obtained from embryos in which the mesoderm is missing. From this library, we isolated cDNAs that correspond to novel early mesodermal genes. Although all these novel genes are expressed in the mesoderm primordium, none of them show expression patterns that precisely coincide with those of twist or snail. Moreover, when their position in the hierarchy of regulatory genes was examined, five of these novel genes showed an unexpected result: they depart from the canonical situation in which twist, but not snail, is necessary for gene expression in the mesoderm anlage. Thus, the regulation of early gene expression in the primordium of the mesoderm appears more complicated than was previously thought.
MATERIALS AND METHODS
Flies. Stocks of mutant flies were obtained from the Tubingen collection. The snaIIG cn bw sp chromosome carries a strong snail allele (4) (5) (6) and Df(2R)S60, b pr cn bw carries a deficiency for the twist gene (4, 14) . A recombinant between these two chromosomes (15) was used as a double twist snail mutant chromosome and maintained as the single mutant chromosomes in a balanced stock over SM6B, P[ry+, evelacZ8.0] (a gift from S. Panzer, Yale University, New Haven, CT). For the construction of the subtractive library, we used the following Toll stocks: T(1;3)0R60/mwh e T11b/TM3, Sb Ser (16), e 719QRE ca/TM3, Sb Ser (17, 18) , and st Tlr444/TM3, Sb Ser (17) (18) (19) . As wild type, we used white flies.
cDNA Subtractive Library. We used the method described by Wang and Brown (ref. 20 ; see Fig. 1A for a scheme of the strategy). Ventralized and lateralized embryos were collected at stages 5 to 9 of development (21) and frozen in liquid nitrogen. poly(A)+ mRNA purification and double-strand cDNA synthesis were done according to Sambrook et al. (22) . After digesting the cDNAs with AluI and RsaI, adapters containing an EcoRI site were attached to their ends and the resulting cDNA fragments were amplified using polymerase chain reaction (PCR). A portion of each amplified cDNA, which was digested with EcoRI and biotinylated, was hybridized with a tracer amount of the complementary cDNA (20) . The biotin-containing molecules were then removed from the mixture by incubation with streptavidine and phenol extraction, and the remaining cDNAs were hybridized again with another aliquot of the complementary biotinylated cDNAs. (Fig. 2) . However, their early expression patterns differ from each other and from those of twist and snail.
Early anterior and posterior borders. In the blastoderm two genes, B and G, have an anterior border of expression that coincides with the anterior limit of the ventral furrow (Fig. 2) . The expression of the other genes extends up to the anterior pole of the embryo. Four genes (B-D and F) show a posterior (3, 8, 37) , their domains of expression reach the posterior pole of the embryo. Early lateral borders. The lateral boundaries of the mesoderm primordium coincide with the sharp lateral borders of snail expression (7, 8) . Of the novel genes found in our screening, only one, gene D, shows sharp lateral boundaries. The other novel genes have domains of expression that show fuzzy borders as in the case of twist (7, 8) . However, these genes differ in the width of their expression domain, the two extreme cases being gene I, which is expressed in a very narrow stripe at the central domain of the primordium, and gene A, which is expressed in a band broader than twist and snail (7, 8) . The lateral borders of expression of gene G in the trunk region could not be determined precisely because its expression is extremely weak.
In addition to the great variation in their limits of expression, other aspects of the early expression of these novel genes are also noteworthy. Gene D is expressed with a segmental modulation that possibly reflects regulation by a pair-rule gene. Gene F is expressed in a graded manner with the peak of expression in the anterior pole of the embryo, suggesting that bicoid might be implicated in its activation. Gene E is also expressed in vitellophages.
Expression during gastrulation and later stages. During invagination of the mesoderm and germ-band extension, the nine genes are expressed in patterns that evolve directly from their early expression domains (third column in Fig. 2) , although with some variations. During germ-band extension, genes E and F show high expression levels at the head, whereas their expression in the invaginated mesoderm is much weaker. Further differences arise at the extended germ-band stage (fourth column in Fig. 2 ). Four genes are expressed in other germ layers. The mesoderm expression of gene B is reduced while a new expression in cells of the nervous system can be observed. Gene C shows expression in tracheal pits. Gene E is expressed in the mesectoderm and its early expression in yolk vitellophages (see above) becomes restricted to the periphery of the yolk, often along internal ridges (Fig. 2) . At this stage, another gene, gene I, is also expressed in yolk cells. During late stages of germ-band extension, a new expression of gene F appears in the mesoderm in a segmental repeat fashion. During later stages of development, the differences in expression become even more pronounced. Two genes, A and D, are not expressed after the retraction of the germ band. Gene B is strongly expressed in the ventral cord, while gene C continues to be expressed in the tracheal system and in parts of the visceral mesoderm. Three genes, F, H, and I, are expressed in the fat body, and gene G is expressed in migrating hemocytes. Both types of tissue are of mesodermal origin (39) .
twist and snail Dependence. It has been shown that twist and snail are the main zygotic regulators of early gene expression in the primordium of the mesoderm (7, 8) . Gene expression in the region normally occupied by the mesoderm anlage of embryos mutant for both genes is indistinguishable from the adjacent ectoderm (8) . In the absence of twist, a number of genes that are normally expressed in the mesoderm are not activated. snail function is required for the repression in the mesoderm of genes that are otherwise expressed in the adjacent neuroectodermal regions of the blastoderm. Therefore, we would expect the novel genes we have found not to be expressed in twist embryos, whereas their early expression would be unaltered in snail mutant embryos.
We have examined the expression of the nine early expressed genes described above in embryos mutant for twist or snail and in embryos carrying mutations in both loci. Four genes (B, C, E, and I) do not show any expression in the ventral part of twist embryos at the blastoderm stage (data not shown). However, the expression detected outside of the mesoderm, such as in vitellophages or tracheal pits, is unaffected in twist embryos. In snail embryos, the level of expression of these four genes in the blastoderm as well as during the early phases of germ band extension is normal. In some cases, the expression appears to decay prematurely (data not shown), but this is most likely an indirect effect: twist expression is not maintained in snail embryos (8, 28) . None of these four genes are expressed ventrally in twist snail double mutant embryos (data not shown).
The expression of the other five genes is regulated in an unconventional fashion. The five cases are, however, different from each other. The earliest expressed gene, gene A, is expressed at normal levels in twist embryos, not only at the blastoderm stage, but also during germ band extension (Fig.   3A ). Its expression in early snail embryos is also normal, although the ventral region anterior to the ventral furrow does not show normal levels of expression. During gastrulation, this region seems to be void of expression. Double mutant embryos hybridized with the same probe show a signal identical to the one observed in snail embryos (data not show).
Gene D is not expressed at any stage in twist embryos (Fig.  3D) . A very weak ventral expression is detected in the blastoderm in snail embryos. During germ-band extension, no expression is detected at all. The absence of twist and snail functions affects the expression of zjh-1 and DFRI in a similar way. zfh-1 and DFR1 are not expressed in twist embryos and their expression in snail embryos is severely reduced (refs. 33 and 34; unpublished observations).
snail embryos hybridized with a probe for gene F show a normal expression (Fig. 3F) . The signal, as in wild-type embryos, shows an anterior-posterior gradient that is maintained during the early phases of germ-band extension. In twist embryos, however, although a similar gradient is detected, the signal appears to be weaker than in wild type. The anterior expression of gene G in twist embryos is normal (Fig. 3G) volves input from a greater variety of regulators than previously thought. Three aspects of this are worth emphasizing: (i) the surprising variation in early mesodermal gene expression pattern implying multiple regulatory inputs; (ii) the apparent function of snail as an activator of mesodermal gene expression; and (iii) the difference in the regulatory role of twist and snail in the head and the trunk region of the embryo.
If mesodermally expressed genes were controlled exclusively by twist and snail, then their expression patterns should resemble those of twist and snail. However, the observed variations in expression patterns argue that mesodermal genes receive regulatory inputs from other genes as well. The most obvious example is gene A, which is expressed in a broad ventral domain independently of both twist and snail functions, suggesting that is activated directly by dorsal. In addition, unlike any other known ventrally expressed genes, gene A is repressed posteriorly by tailless. Genes D and F, on the other hand, represent two genes that not only receive the necessary inputs for their ventral expression but also receive inputs from genes that are implicated in patterning along the anterioposterior axis: bicoid in the case of gene F and a pair-rule gene in the case of gene D. Whether these modulations are functionally significant remains to be seen.
Not only twist but also snail is required for the expression of genes C, zjh-l, and DRF1 in the mesoderm primordium (see also refs. 33 and 34; unpublished observations). Thus, contrary to its postulated role as a repressor of ectodermal genes (7, 8) , snail can also have a positive regulatory function. However, gene C, zfh-l, and DRF1 are still expressed, although at reduced levels in very early snail embryos. Therefore, snail is not essential for their activation, but rather their maintenance at high levels, and this may be due to an indirect function. Finally, it is worth noticing the case of gene G that requires snail but not twist for its normal expression in the anterior part of the ventral furrow. Thus, snail, but not twist, acts as a mesodermal activator in this region. Another unusual case of this kind is twist itself not requiring twist function for their expression in the head region (8) and genesA and D depending on snail as an activator in the anterior region, but not in the trunk. Taken together our observations argue against the simple view that twist and snail alone, by complementary mechanisms, regulate gene expression in the mesodermal primordium (7, 8) is not longer tenable.
